University of New Hampshire

University of New Hampshire Scholars' Repository
Master's Theses and Capstones

Student Scholarship

Fall 2018

THE EFFECTS OF CORTISOL, STRESS AND REARING
TEMPERATURE ON BLACK SEA BASS (CENTROPRISTIS STRIATA)
SEX DIFFERENTIATION
Kelsie A. Miller
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/thesis

Recommended Citation
Miller, Kelsie A., "THE EFFECTS OF CORTISOL, STRESS AND REARING TEMPERATURE ON BLACK SEA
BASS (CENTROPRISTIS STRIATA) SEX DIFFERENTIATION" (2018). Master's Theses and Capstones. 1242.
https://scholars.unh.edu/thesis/1242

This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire
Scholars' Repository. It has been accepted for inclusion in Master's Theses and Capstones by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

THE EFFECTS OF CORTISOL, STRESS AND REARING TEMPERATURE ON
BLACK SEA BASS (CENTROPRISTIS STRIATA) SEX DIFFERENTIATION
BY

KELSIE A. MILLER
BS Biology, Saint Michael’s College, 2012

Thesis

Submitted to the University of New Hampshire
in Partial Fulfillment of
the Requirements for the Degree of

Master of Science
in
Biological Sciences: Marine Biology

September, 2018

i

This thesis/dissertation was examined and approved in partial fulfillment of the requirements for
the degree of Master of Science in Biological Sciences: Marine Biology by:

Thesis/Dissertation Director, David L. Berlinsky, Ph. D.
Professor of Agriculture, Nutrition and Food Systems
Paul C.W. Tsang, Ph. D.
Professor of Molecular, Cellular and Biomedical Sciences
Timothy S. Breton, Ph. D.
Assistant Professor of Biology, University of Maine at Farmington
Harvey J. Pine, Ph.D.
Associate Professor of Natural & Environmental Sciences, Colby Sawyer College

On June 19, 2018

Approval signatures are on file with the University of New Hampshire Graduate School.

ii

TABLE OF CONTENTS
LIST OF TABLES

v

LIST OF FIGURES

v

ABSTRACT

vii

CHAPTER

PAGE

INTRODUCTION

1

References
I.

14

THE EFFECTS OF STRESS, CORTISOL ADMINISTRATION AND CORTISOL
INHIBITION ON BLACK SEA BASS (Centropristis striata) SEX DIFFERENTIATION
Introduction

21

Methods

23

Results

29

Discussion

33

References

37

II. THE EFFECTS OF REARING TEMPERATURE ON BLACK SEA BASS (Centropristis
striata) SEX DIFFERENTIATION
Introduction

42

Methods

43

Results

45

Discussion

46

References

48

CONCLUSIONS AND FUTURE WORK

52

iii

APPENDICES
APPENDIX A. ADDITIONAL PLASMA CORTISOL

54

APPENDIX B. IMAGE ANALYSIS OF INDIVIDUAL GONADS

56

APPENDIX C. GONAD PHOTOMOSAIC GALLERY

61

APPENDIX D. BLACK SEA BASS INSTITUTIONAL ANIMAL
CARE AND USE COMMITTEE APPROVAL DOCUMENTATION

77

iv

LIST OF TABLES
CHAPTER I
TAIL-PCR primers

28

Sex differentiation percentages

31

Growth and survival

32

Sex differentiation percentages

45

Final weight of male and female BSB

45

Growth

46

CHAPTER II

LIST OF FIGURES
INTRODUCTION
Pathway of steroid hormone biosynthesis

10

Histology of mifepristone-fed BSB gonad

31

Plasma cortisol levels 2-hrs post-feeding cortisol 2017

32

Plasma cortisol levels 4 days post-stressor 2016

33

Gonadal aromatase promoter with transcription factors

33

CHAPTER I

APPENDIX A. ADDITIONAL PLASMA CORTISOL
Ch. 1, 2016 cortisol administration and inhibition
24-hrs post-feeding

54

Ch. 1, 2016 cortisol administration and inhibition
male and female control

54

v

Ch. 1, 2017 cortisol administration and inhibition
male and female control and metyrapone

55

Ch. 1, 2016 stressor male and female control and stress

55

APPENDIX B. IMAGE ANALYSIS RESULTS, PERCENTAGE TESTICULAR TISSUE
Ch. 1, 2016 cortisol administration and inhibition
male control and cortisol

57

Ch. 1, 2016 cortisol administration and inhibition
intersex cortisol

57

Ch. 1, 2017 cortisol administration and inhibition
male control, cortisol, metyrapone

58

Ch. 1, 2017 cortisol administration and inhibition
intersex control, metyrapone

58

Ch. 1, 2016 stressor male control, stressed

59

Ch. 2, 2017 temperature males

59

Ch. 2, 2017 temperature intersex

60

vi

ABSTRACT

THE EFFECTS OF CORTISOL, STRESS AND REARING TEMPERATURE ON
BLACK SEA BASS (CENTROPRISTIS STRIATA) SEX DIFFERENTIATION
by
Kelsie A. Miller
University of New Hampshire

Teleosts exhibit some of the most diverse array of reproductive strategies of all
vertebrates, including gonochorism and hermaphroditism. Black sea bass (BSB; Centropristis
striata) are protogynous hermaphrodites that undergo sex change between 2-6 years of age in the
wild. Transition is initiated earlier in captivity and a greater percentage of fish differentiate
directly as males. Captivity and environmental factors, such as temperature, can activate a stress
response in fish that can lead to increased production of cortisol, the primary glucocorticoid
released following a stressor. Cortisol treatment during sensitive developmental periods has been
shown to have masculinizing effects on many teleost fishes. Previous studies examining
environmental effects on sex change and differentiation in BSB found no definitive mechanisms
for masculinization. Our objective was to evaluate whether stress, cortisol administration,
cortisol inhibition and temperature influence BSB sex differentiation. In this effort, wild,
sexually undifferentiated fish were collected from Rhode Island, housed in recirculating systems
and stressed biweekly by net-chasing, fed diets supplemented with cortisol, a cortisol receptor
antagonist (mifepristone), or a cortisol synthesis inhibitor (metyrapone). In a separate
experiment, BSBs were raised at different water temperatures (15, 20 or 25ºC) until sexually
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differentiated. Long-term cortisol administration partially masculinized all female BSB but
repeated acute stressors (net chasing) did not alter sex differentiation relative to the control
group. Blocking cortisol receptor binding, but not cortisol synthesis, delayed sex differentiation
in this species. We identified a glucocorticoid response element in the gonadal aromatase
(cyp19a1a) promoter indicating a possible relationship between cortisol and cyp19a1a
expression. No differences in sex ratio were observed among temperature treatments, supporting
previous findings. The proportion of fish that differentiated directly as males was higher than
expected for an obligate protogynous hermaphrodite, suggesting the possibility of a diandric
reproductive strategy. These studies provide further understanding of sex differentiation in BSB
that can provide valuable insights for future aquaculture opportunities and fisheries management.
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INTRODUCTION
Life History
The black sea bass (BSB; Centropristis striata) is a protogynous, marine teleost of the
Serranidae family that attains a maximum length of 61-64 cm and mass of 3.63 kg during their
10-12 year life span (Shepherd 2006). They are a temperate reef-dwelling fish with an extant
range from the Gulf of Maine to central Florida on the Atlantic coast (C. striata striata) and in
the eastern Gulf of Mexico (GOM; C. striata melana; Bowen & Avise 1990; Watanabe 2011) .
The Atlantic and GOM populations have been distinct for 350,000 years and genetic divergence
of Atlantic populations occurs at Cape Hatteras, NC (Roy et al. 2012).
The southern Atlantic population remains in the coastal waters year-round, while the
northern population inhabits coastal waters during the summer and spring, undergoes offshore
migration in fall, and over-winters along the edge of the continental shelf (Watanabe 2011;
Fabrizio et al. 2014). Autumn migrations are initiated by decreases in photoperiod, water
temperature and offshore prey movements (benthic invertebrates, squid and fish; Kendall 1977;
Shepherd 2006; Moser & Shepherd 2008). Black sea bass aggregate around structured habitats
(reefs, wrecks, oyster beds, etc.) and prefer off-shore salinities between 33-35 practical salinity
units (PSU) with temperatures above 8ºC (Shepherd 2006; Fabrizio et al. 2014; Miller et al.
2016).
Batch spawning occurs at depths between 19.8-48.8 m and progresses latitudinally
beginning in March/May in the Mid-Atlantic Bight and June/July in New England (Mercer 1989;
Wenner et al. 1986; Bowen & Avise 1990; Watanabe 2011). Once spawning is initiated,
dominant males (with characteristic nuccal humps and bright coloration) attract females and
display aggressive behavior towards other males (Shepherd 2006). Female fecundity is highest at
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intermediate sizes with average production of about 280,000 buoyant eggs (ASMFC 2009;
Klibansky & Scharf 2017). Fertilized eggs hatch in approximately 52 hours at 19ºC and the
resulting larvae remain in-shore, develop into juveniles, and attain lengths of 10-14 cm before
initiating fall-migrations (Shepherd 2006; Watanabe 2011). During juvenile metamorphosis, sex
differentiation occurs with most fish developing as females, although small males have been
found, indicating the possibility of diandric protogynous life history (McGovern et al. 2002;
Wuenschel et al. 2011; Jones et al. 2015). Variation in sex differentiation may occur between
Atlantic populations, as southern, but not northern, juvenile female fish were all observed to
have testicular tissue present in the terminal lamellae of their ovaries (Wenner et al. 1986;
Mercer 1989; Cochran & Grier 1991; McGovern et al. 2002). Once offshore, juveniles have
similar habitat preferences as adults and do not grow significantly until they return in-shore
(Shepherd 2006). After attaining 2-5 years of age and 330-380 mm total length (TL), northern
Atlantic BSB will undergo sex change, typically after spawning, from female to male (Shepherd
& Idoine 1993; Watanabe 2011; Jones et al. 2015; Provost et al. 2017).
Fisheries
Black sea bass is a popular commercial and recreational species with commercial
landings over 1,000 metric tons per year, that are valued at over $20 million in the northern
Atlantic (Berlinsky et al. 2000; Copeland et al. 2005; Watanabe 2011; Anonymous 2016).
Fisheries are managed according to their distinct populations with Mid-Atlantic Fisheries
Management Council and the Atlantic States Marine Fisheries Commission responsible for
Atlantic populations, and the South Atlantic Fishery Management Council for the GOM
population (Watanabe 2011). The complex reproductive strategy of BSB led to seasonal fisheries
restrictions, although BSB maintain a status of “Least Concern” according to International Union
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for Conservation of Nature (IUCN; Shepherd & Nieland 2010; Watanabe 2011). Protogynous
hermaphrodites tend to be strictly regulated in fisheries due to the skewed sex ratio towards
males at larger sizes (Blaylock & Shepherd 2016). Recent modeling of northern Atlantic BSB,
however, found that BSB have smaller secondary males present and late sex change, preventing
a typical male-biased skew at larger sizes. This indicates that BSB should be more resilient to
exploitation (Blaylock & Shepherd 2016) and their northerly range expansion, makes BSB a
prospect for northern New England fishermen. Continued research should examine how the
changing marine ecosystem will impact BSB life history, and how BSB range expansion may
impact the Gulf of Maine ecosystem (Henderson et al. 2017).
Black Sea Bass Culture
Due to high demand and limited seasonal availability, considerable research has been
conducted to optimize growth conditions for BSB as a potential aquaculture species. Black sea
bass larvae grew optimally with algae-supplementation and temperatures of 18-25˚C until
juvenile metamorphosis. Once metamorphosed, juveniles grew optimally on a diet of 44%
protein, salinities between 20-23 parts per thousand (ppt) and temperatures between 21- 25˚C
(Berlinsky et al. 2000; Atwood et al. 2003; Shah Alam et al. 2008; Colburn et al. 2009).
Cannibalism is common among juveniles, although nursery systems can be optimized for water
flow rates, shelter availability, and density to minimize this effect (Gwak 2003; Stuart & Smith
2003; Duquette 2013). In some experiments, increased density and resulting degraded water
quality had no noticeable effects on growth, survival, or feed utilization, likely due to BSB’s
high resistance to nitrite exposure (Copeland et al. 2003; Atwood et al. 2004; Weirich & Riche
2006). Simulated long-day photoperiods advanced seasonal gonadal cycles leading to accelerated
follicular growth and advanced spawning (Howell et al. 2003). Overall, BSB is a promising
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culture candidate with high economic potential, high survival, sustainable feed options, and
favorable feed conversion ratios (Copeland et al. 2003; Perry et al. 2007; Dawson et al. 2018).
Profitable culture has been hindered, however, by the inability to maintain female broodstock,
due to rapid sex change when held in captivity (Howell et al. 2003).
Vertebrate Reproductive Physiology
Vertebrate reproductive physiology is regulated by the hypothalamic-pituitary-gonadal
axis (HPG-axis). In response to environmental cues, such as increasing day-length, the
hypothalamus secretes gonadotropin-releasing hormone (GnRH) that binds to receptors on
gonadotropes in the anterior pituitary gland to increase production of gonadotropins (folliclestimulating hormone, FSH) and luteinizing hormone (LH)). These protein hormones stimulate
sex steroid production from somatic cells in the gonads. Sex steroids are derived from the multistep enzymatic conversion of 27-carbon cholesterol to 19-carbon androgens (Testosterone (T)
and 11-ketotestosterone (11-KT)) and 18-carbon estrogens (17β- estradiol (E2); Fig. 1; Norris &
Lopez 2010). In males, androgens stimulate development of spermatogonia, that meiotically
divide twice to produce secondary spermatocytes and haploid spermatids. In females, FSH and
E2 regulate oocyte maintenance and maturation (Norris & Lopez 2010). Before sex steroids can
have an effect, they must bind to surface/membrane receptors or activate
intracellular/cytoplasmic androgen or estrogen receptors (AR; ER) that translocate to the nucleus
and up regulate or down regulate gene expression (Devlin & Nagahama 2002; Menuet et al.
2002; Matthews 2003; Hossain et al. 2008; Sandra & Norma 2010).
Sex determination is the genetic or environmental process that determines an individual’s
gender (Piferrer 2001; Penman & Piferrer 2008). Chromosomal sex determination has evolved in
mammals, to produce heterogametic males (XY) and homogametic females (XX), but in birds,
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heterogametic females (ZW) and homogametic males (ZZ) are produced. Although mammals
and birds have a clear mechanism for sex determination (with exceptions), the process in teleosts
is highly variable, with the possibility of chromosomal (XX/XY; ZZ/ZW), polygenic, or
environmental sex determination (ESD) as well as combinations of these strategies (Piferrer
2001; Devlin & Nagahama 2002; Penman & Piferrer 2008; Mank & Avise 2009).
Sex differentiation is the phenotypic sex of an individual initiated by the migration of
primordial germ cells (PGC), establishment of gonadal ridges, and culminating with the
transformation of undifferentiated tissue to become ovaries and/or testes (Piferrer 2001; Penman
& Piferrer 2008). In fishes, the process of sex differentiation is species-specific and dependent on
their reproductive strategy (Chan & Yeung 1983; Liu et al. 2016). The majority of species
exhibit gonochorism in which fish differentiate into separate sexes and remain so throughout
their lives (Sandra & Norma 2010; Make & Avise 2009). Hermaphroditism can be categorized as
simultaneous, with gonads containing both male and female tissues, or sequential, with gonads
developing as one sex and transition to the other (protogynous, protandrous). In protogynous
species, fish differentiate first as female and later change sex to male, while the opposite occurs
in protandrous species. The diversity of reproductive strategies and inherent sexual plasticity of
fish can be manipulated by environmental (salinity, pH, nutrition, temperature and social cues),
or anthropogenic (drugs) stimuli which alter levels of the primary sex steroid 11-KT and E2
(Devlin & Nagahama 2002).
The dominant androgen in male teleost fishes, 11-KT, is produced through the enzymatic
conversion of T, and is essential for maintaining testicular tissue (Frisch 2004; Norris & Lopez
2010). The importance of 11-KT has been shown through pharmacological 11-KT administration
during the sex differentiation and sex change that resulted in direct male sex differentiation and
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early induction of protogynous sex change (reviewed by: Devlin & Nagahama 2002; Yeh et al.
2003; Bhandari et al. 2006). Production of 17β-estradiol also occurs through enzymatic
conversion of T by the enzyme, cytochrome P450 aromatase (also called estrogen synthetase;
cytochrome P450, family 19, subfamily A, peptide 1a; Cyp19; Fig. 1), that is an essential generegulator of ovarian differentiation (Devlin & Nagahama 2002; Frisch 2004; Hattori et al. 2009;
Nakamura 2010; Norris & Lopez 2010; Navarro-Martín et al. 2011). Aromatase has two
isoforms, cyp19a1a and cyp19a1b, expressed in the gonads and brain, respectively (Piferrer &
Blázquez 2005). Gonadal aromatase has sexually dimorphic expression with increased levels
during female differentiation and spawning. Recent studies, however, indicate that cyp19a1a
may also be important for male differentiation, as shown in male cyp19a1a-mutants that have
reduced expression levels for male-specific genes (Blázquez & Piferrer 2004; Frisch 2004; Saito
& Tanaka 2009; Guiguen et al. 2010; Sandra & Norma 2010; Yin et al. 2017).
To elucidate gonadal aromatase’s importance in reproductive processes, researchers have
used aromatase antagonists, such as fadrozole and exemestane. Fadrozole is a non-steroidal
aromatase inhibitor (AI) that has a noncovalent reversible interaction with the heme part of
aromatase and of the substrate-binding site (Babiak et al. 2012). Exemestane is a steroidal AI
which binds irreversibly to Cyp19 enzyme complex, thereby inhibiting production of E2
(Ruksana et al. 2010). Several studies found that treatment with AIs during sex differentiation
resulted in increased proportions of males (see review: Guiguen et al. 2010). In fact, exemestane
was so successful at masculinizing Nile tilapia (Oreochromis niloticus) that it was suggested as a
method to produce mono-sex (all male) fish, for more rapid, sexually dimorphic growth in
culture (Ruksana et al. 2010). Aromatase inhibitors also induced sex change in several
gonochoristic (cichlid, Astatotilapia burtoni; medaka, Oryzias latipes; zebrafish, Danio rerio;
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Nile tilapia) and protogynous species (threespot wrasse, Halichoeres trimaculatus; black sea
bass; Benton & Berlinsky 2006; Blázquez et al. 2008; Nozu et al. 2009; Paul-Prasanth et al.
2013; Takatsu et al. 2013; Sun et al. 2014; Göppert et al. 2016).
While AIs inhibit Cyp19 enzymatic activity, upregulation or downregulation of cyp19a1a
transcription occurs through the binding of transcription factors to promoter response elements in
the cyp19a1a promoter (Guiguen et al. 2010). Response elements in the cyp19a1a promoter have
been examined in a variety of species including gonochoristic zebrafish, European sea bass
(Dicentrarchus labrax), and Nile tilapia, as well as protogynous humpback and orange spotted
grouper (Cromileptes altivelis, Epinephelus coioides; Piferrer & Blázquez 2005). Several
response elements that have consistently been shown to be important in sex differentiation in
vertebrates including estrogen response elements (ERE), androgen response elements (ARE),
steroidogenic factor-1 (sf1), sex-determining region Y box (sox), cAMP responsive elements
(CRE), GATA binding proteins, and Wilms tumor 1 protein (wtI; Piferrer & Guiguen 2008;
Guiguen et al. 2010). One response element found variably in cyp19a1a promoters is the
glucocorticoid response element (GRE) which is comprised of an imperfect 15-bp palindromic
sequence (consensus: AGAACA-nnn-TGTTCT) and is bound by (glucocorticoid-bound)
glucocorticoid receptors (GR; Argentin et al. 1991; Mommsen et al. 1999; Nelson et al. 1999;
Guiguen et al. 2010; Ratman et al. 2013). The presence of negative and positive GREs in the
cyp19a1a promoter indicates that cortisol binding, perhaps induced by stress, may influence E2
synthesis in a species (Guiguen et al. 2010).
Stress Physiology
Understanding how stress impacts wild and captive fish can provide insight into
ecosystem health, and preventing health risks in hatcheries and aquaria (Sopinka et al. 2016).
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Common stressors include poor water quality (pollutants, low oxygen levels, temperature
extremes), social hierarchies, human handling and capture (direct catch and release, or indirect
alteration of population structures; Solomon-Lane et al. 2013; Sopinka et al. 2016). The severity
of these stressors are categorized as acute (short-term stressful events), or chronic (continuous
prolonged exposure to a stressor or multiple acute stressors), although the duration and number
of stressors do not have consistent effects among species and individuals (Krasnov et al. 2005;
Barcellos et al. 2006; Fatira et al. 2014; Jeffrey et al. 2014; Schreck & Tort 2016; Sopinka et al.
2016).
Stress, in vertebrates, is defined as a “threatened homeostasis,” which an organism
attempts to reestablish through a process characterized as the “General Adaptation Syndrome”
(GAS; Selye 1936; Chrousos & Gold 1992). The GAS is comprised of three phases: fight or
flight alarm reaction, stage of resistance/readjustment and stage of exhaustion. The flight or fight
stage includes an increase in plasma catecholamines (adrenaline/noradrenaline), that provides the
energy required for rapid response to avoid/reduce the impact of a stressor (Barton & Iwama
1991). During the stage of resistance/readjustment, a stressed organism releases the
glucocorticoid steroid hormone, cortisol, that indirectly produces additional energy, in an attempt
to reestablish pre-stress conditions (allostasis; McEwen & Wingfield 2003; Schreck 2010;
Gorissen & Flik 2016). Failure to re-establish homeostasis (stage of exhaustion) can lead to
decreased health, that may be fatal (Barton & Iwama 1991).
Cortisol is produced through the hypothalamic-pituitary adreanal/interrenal axis (HPI) in
which the hypothalamus releases corticotropin releasing hormone (CRH) in response to a
stressor. This stimulates corticotropes in the anterior pituitary to release adrenocorticotrophic
hormone (ACTH), which stimulates the adrenal/interrenal cells to release cortisol. Cortisol
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regulates the expression of genes across a wide-range of physiological processes (metabolism,
immunosuppression, reproductive physiology) through the activation of glucocorticoid receptors
that translocate to the nucleus and bind to GREs (Barton & Iwama 1991; Bury & Sturm 2007;
Ratman et al. 2013).
In fishes, stress and cortisol can alter sex steroid levels resulting in reduced reproductive
fitness during spawning (loss of oocytes), alteration of time to maturation, and masculinization
(Schreck 2010). Cortisol-induced masculinization has been observed in gonochoristic pejerry
(Odontesthes bonariensis), Nile tilapia, Japanese flounder (Paralichthys olivaceus), southern
flounder (Paralichthys lethostgima) and in the protogynous three-spot wrasse and sandperch
(Parapercis cylindrical; Foo & Lam 1993; Frisch et al. 2007; Hattori et al. 2009; Yamaguchi et
al. 2010; Kitano et al. 2012; Nozu & Nakamura 2015; Liu et al. 2016). Three possible
mechanisms are hypothesized for cortisol-induced masculinization: inhibition of cyp19a1a
expression, depletion of primordial germ cells (PGCs), and interaction between glucocorticoid
and androgen pathways (see review: Fernandino et al. 2013).
Masculinization by cyp19a1a inhibition resulting from insufficient E2 has been observed
in several species including medaka, pejerrey, and Japanese flounder (Hattori et al. 2009;
Hayashi et al. 2010; Kitano et al. 2012). In the pejerrey, cyp19a1a suppression was found to
induce apoptosis of primordial germ cells (PGCs; Wood & Van Der Kraak 2002; Struessmann
2008). Gonadal aromatase suppression occurred after levels of 11-KT increased, indicating that
suppression of E2 synthesis is not solely responsible for cortisol induced masculinization (Hattori
et al. 2009; Fernandino et al. 2012). Cortisol-treatment, however, did increase expression of 11βhydroxysteroid dehydrogenase (11βHSD, gene: hsd11b2), and 11-KT levels, indicating that
cortisol promotes 11-KT production through hsd11b2 upregulation (Fernandino et al. 2012).

9

These findings have led to the investigation of the role of enzymes present in both glucocorticoid
and androgen pathways for cortisol-induced masculinization. Specifically, 11βHSD and 11βhydroxylase (11βH, gene: cyp11b) that both synthesize 11-oxygenated androgens, and are
involved in cortisol metabolism and synthesis, respectively (see Fig. 1; Fernandino et al. 2012).
Previous studies examining the effects of stress and cortisol on BSB sex differentiation and sex
change were inconclusive. Administration of high cortisol doses resulted in juvenile
masculinization but no effects of biweekly net-chasing or cortisol-feeding on sex change in
adults were observed (Duquette 2013).

Figure 1. Simplified pathways of sex steroid and glucocorticoid biosynthesis in
fish (Fernandino et al. 2013)

Two pharmacological compounds, mifepristone (also known as RU486) and metyrapone,
are commonly used to elucidate the impact of cortisol on growth, immune and reproductive
physiology. Mifepristone is a GR antagonist that binds with high affinity, and blocks similar
native ligands (e.g. progesterone; Mommsen et al. 1999; Alderman et al. 2012). After an acute
stressor, mifepristone inhibited stress-induced increases of GR, corticotropin-releasing factor,
neuropeptide Y mRNA levels, and plasma glucose levels in rainbow trout (Oncorhynchus
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mykiss; Doyon et al. 2006; Alderman et al. 2012). In pejerrey and common carp (Cyprinus
carpio), mifepristone inhibited cortisol-induced reduction in spermatogenesis (Goos & Consten
2002; Fernandino et al. 2012).
Metyrapone acts by blocking 11β-hydroxylase in the final step of the cortisol-synthesis
pathway (Fig. 1). Treatment with metyrapone effectively inhibited (acute) stress-induced cortisol
elevation, but its long-term effects have not been thoroughly examined (Mommsen et al. 1999;
Doyon et al. 2006; McConnachie et al. 2012; Ganesh & Chabbi 2014; Ribas et al. 2017). Hightemperature masculinization was inhibited by metyrapone treatment in medaka and Japanese
flounder indicating that a correlative relationship may exist between temperature and cortisolproduction in these species (Hayashi et al. 2010; Yamaguchi et al. 2010).
The influence of temperature on sex determination has been documented in many
vertebrates (turtles, alligators, fish), with higher temperatures typically leading to
masculinization through the alteration of sex steroids and gene expression (Bull & Vogt 1979;
Pieau et al. 1999; Baroiller et al. 2009). This effect was well documented in XX Japanese
flounder and medaka larvae that when reared at high-temperatures resulted in elevated cortisol
levels and masculinization (Kitano et al. 1999; Fernandino et al. 2009; Hayashi et al. 2010;
Yamaguchi et al. 2010; Fernandino et al. 2012; Li et al. 2014; Picard et al. 2015). The observed
temperature-induced masculinization has been correlated to suppression of cyp19a1a and foxl2
(an important regulatory factor for cyp19a1a; Baroiller et al. 2009). Elevated temperatures also
alter gene expression by methylating promoters, leading to gene silencing (Anastasiadi et al.
2017; Fan et al. 2017). This phenomenon was observed in high temperature-masculinized
European sea bass females, which had cyp19a1a promoter methylation levels similar to male fish
(Navarro-Martín et al. 2011).
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With the highly variable sex determination strategies (Genetic, ESD, etc.), fish within the
same genus and species can have different temperature responses during sex determination and
differentiation (Baroiller et al. 2009). For example, extreme high and low temperatures led to
masculinization in Southern flounder, whereas only high temperature masculinizes Japanese
flounder (Yamaguchi et al. 2010). Atlantic Silverside (Menidia menidia), on the other hand, is
one of the only species that has been found to have ESD in its natural habitat with hightemperature masculinization, although temperature responsiveness is only present in southern
populations (Conover 1984; Lagomarsino & Conover 1993). These examples show the inherent
sexual plasticity that can be observed in fish and the lack of conserved sex determination
mechanisms across phyla (Baroiller et al. 2009; Herpin et al. 2013)
Understanding how temperature affects fish reproductive physiology is imperative, with
rising ocean temperatures that have led to predictions of higher proportions of males and
premature sex change in protogynous species (Pankhurst & Munday 2011; Anastasiadi et al.
2017). It is important to note, however, that temperature-sensitive alterations to sex
determination, differentiation and change only occur in thermo-sensitive species during a
specific developmental periods for that species (Heule et al. 2014).
Reproductive Physiology of Black Sea Bass
Black sea bass have been examined in the wild and captivity to understand the processes
of sex differentiation and sex change, although no studies have provided a definitive mechanism
for the rapid sex change observed in culture. If maintained under simulated ambient
environmental conditions, sex steroids exhibit seasonal fluctuations with high E2:11-KT ratios,
that are required for ovarian maturation (Benton & Berlinsky 2006). Artificially accelerated
long-day photoperiods advanced the seasonal spawning period and initiated premature sex
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change in culture (Howell et al. 2003). The sex ratio maintained in captivity was shown to
influence the rate of sex change, as female fish underwent sex change when maintained at 8
female (F): 0 male (M) ratios, but failed to do so at 6F:2M and 4F:4M (Benton & Berlinsky
2006). The influence of captive conditions also played a role in sex differentiation as captivebred black sea bass differentiated as males in high proportions, irrespective of whether they were
reared at 17, 21 or 25ºC (Colburn et al. 2009).
Understanding hormonal and gene expression changes during BSB sex differentiation
and change has been examined in several laboratory studies. Females implanted with 11-KT or
fadrozole for 12 days rapidly initiated sex change (Benton & Berlinsky 2006). Two
gonadotropin-releasing hormones (gnrh2 and gnrh3) and brain aromatase (cyp19a1b) were
examined during the sex differentiated period (Breton et al. 2015; Morin et al. 2015). Elevated
expression of cyp19a1b during various reproductive developmental stages and sex change may
indicate expression changes in the brain related to neurogenesis or sexual behavior (Breton et al.
2015). Both gnrhs, however, remained mostly stable among gonadal states (Breton et al. 2015).
With increased interest in BSB culture and their range expansion, it is important that we
understand their complex reproductive processes to increase profitability and inform
management decisions. Therefore, the purpose of the present research was to examine the
influence of several factors on BSB sex differentiation in culture. In chapter 1, I examined the
effect of bi-weekly net chasing stressor, cortisol, mifepristone and metyrapone on BSB
differentiation to determine if cortisol plays a role in the BSB masculinization in culture. In
chapter 2, I examined the effects of temperature on BSB sex differentiation, to draw inferences
on possible effects of climate change on this species.

13

References
Alderman SL, McGuire A, Bernier NJ, Vijayan MM. 2012. Central and peripheral
glucocorticoid receptors are involved in the plasma cortisol response to an acute stressor
in rainbow trout. Gen Comp Endocrinol. 176:79–85.
Anastasiadi D, Díaz N, Piferrer F. 2017. Small ocean temperature increases elicit stagedependent changes in DNA methylation and gene expression in a fish, the European sea
bass. Sci Rep. 7:1–12.
Anonymous. 2016. Stock assessment for black sea bass for 2016. Rep 62nd SAW Assess.1–261.
Argentin S, Sun YL, Lihrmann I, Schmidt TJ, Drouin J, Nemer M. 1991. Distal cis-acting
promoter sequences mediate glucocorticoid stimulation of cardiac atrial natriuretic factor
gene transcription. J Biol Chem. 266:23315–23322.
ASMFC. 2009. Species profile: Black sea bass. Joint management yields rebuilt status for
popular mid-Atlantic fish. ASMFC Fish Focus. 18.
Atwood HL, Young SP, Tomasso JR, Smith TIJ. 2003. Effect of temperature and salinity on
survival, growth and condition of juvenile Black Sea Bass Centropristis striata. J. World
Aquac Soc. 34:398–402.
Atwood HL, Young SP, Tomasso JR, Smith TIJ. 2004. Information on selected water quality
characteristics for the production of Black Sea Bass, Centropristis striata, juveniles. J
Appl Aquac. 15:183–191.
Babiak J, Babiak I, van Nes S, Harboe T, Haugen T, Norberg B. 2012. Induced sex reversal
using an aromatase inhibitor, Fadrozole, in Atlantic halibut (Hippoglossus hippoglossus
L.). Aquaculture. 324–325:276–280.
Barcellos LJG, Kreutz LC, Quevedo RM. 2006. Previous chronic stress does not alter the cortisol
response to an additional acute stressor in jundiá (Rhamdia quelen, Quoy and Gaimard)
fingerlings. Aquaculture. 253:317–321.
Baroiller JF, D’Cotta H, Saillant E. 2009. Environmental effects on fish sex determination and
differentiation. Sex. Dev. 3(2–3):118–135.
Barton BA, Iwama GK. 1991. Physiological changes in fish from stress in aquaculture with
emphasis on the response and effects of corticosteroids. Annu Rev Fish Dis. 3–26.
Benton CB, Berlinsky DL. 2006. Induced sex change in black sea bass. J Fish Biol. 69:1491–
1503.
Berlinsky DL, Watson M, Nardi G, Bradley TM. 2000. Investigations of selected parameters for
growth of larval and juvenile Black Sea Bass Centropristis striata L. J World Aquac Soc.
31:426–435.
Bhandari RK, Alam MA, Soyano K, Nakamura M. 2006. Induction of female-to–male sex
Change in the Honeycomb Grouper (Epinephelus merra) by 11-ketotestosterone
treatments. Zoolog Sci. 23:65–69.
Blaylock J, Shepherd GR. 2016. Evaluating the vulnerability of an atypical protogynous
hermaphrodite to fishery exploitation: Results from a population model for black sea bass
(Centropristis striata). Fish Bull. 114:476–489.
Blázquez M, González A, Papadaki M, Mylonas C, Piferrer F. 2008. Sex-related changes in
estrogen receptors and aromatase gene expression and enzymatic activity during early
development and sex differentiation in the European sea bass (Dicentrarchus labrax). Gen
Comp Endocrinol. 158:95–101.

14

Blázquez M, Piferrer F. 2004. Cloning, sequence analysis, tissue distribution, and sex-specific
expression of the neural form of P450 aromatase in juvenile sea bass (Dicentrarchus
labrax). Mol Cell Endocrinol. 219:83–94.
Bowen BW, Avise JC. 1990. Genetic structure of Atlantic and Gulf of Mexico populations of sea
bass, menhaden, and sturgeon: Influence of zoogeographic factors and life-history
patterns. Mar Biol. 107:371–381.
Breton TS, DiMaggio MA, Sower SA, Berlinsky DL. 2015. Brain aromatase (cyp19a1b) and
gonadotropin releasing hormone (gnrh2 and gnrh3) expression during reproductive
development and sex change in black sea bass (Centropristis striata). Comp. Biochem. P
hysiol. -Part A Mol. Integr. Physiol. 181:45–53.
Bull JJ, Vogt RC. 1979. Temperature-dependent sex determination in turtles. Science.
206:1186–1188.
Bury NR, Sturm A. 2007. Evolution of the corticosteroid receptor signaling pathway in fish.
Gen Comp Endocrinol. 153:47–56.
Chan STH, Yeung WSB. 1983. Sex control and sex reversal in fish under natural conditions.
Fish Physiology. IXB:171-222.
Chrousos GP, Gold PW. 1992. The concepts of stress and stress system disorders. J Am Med
Assoc. 267:1244–1252.
Cochran RC, Grier HJ. 1991. Regulation of sexual succession in the protogynous Black Sea
Bass, Centropristis striatus (Osteichthyes: Serranidae). Gen Comp Endocrinol. 82:69–77.
Colburn HR, Walker AB, Berlinsky DL. 2009. The effects of temperature on sex differentiation
and growth of black sea bass (Centropristis striata L.). Aquac Res. 40:729–736.
Conover DO. 1984. Significance of temperature-dependent sex determination in a fish. Am Nat.
123:297–313.
Copeland KA, Watanabe WO, Carroll PM, Wheatley KS, Losordo TM. 2003. Growth and feed
utilization of captive wild black sea bass Centropristis striata at four different densities in
a recirculating tank system. J World Aquac Soc. 34:300–307.
Copeland KA, Watanabe WO, Dumas CF. 2005. Economic evaluation of a small-scale
recirculating system for ongrowing of captive wild black sea bass Centropristis striata in
North Carolina. J World Aquac Soc. 36:489–497.
Dawson MR, Alam MS, Watanabe WO, Carroll PM, Seaton PJ. 2018. Evaluation of poultry byproduct meal as an alternative to fish meal in the diet of juvenile black sea bass reared in
a recirculating aquaculture system. N Am J Aquac. 80:74–87.
Devlin RH, Nagahama Y. 2002. Sex determination and sex differentiation in fish: an overview of
genetic, physiological, and environmental influences. Aquaculture. 208:191–364.
Doyon C, Leclair J, Trudeau VL, Moon TW. 2006. Corticotropin-releasing factor and
neuropeptide Y mRNA levels are modified by glucocorticoids in rainbow trout,
Oncorhynchus mykiss. Gen Comp Endocrinol. 146:126–135.
Duquette D. 2013. Investigation of sex change, sex differentiation and stress responses in black
sea bass (Centropristis striata). Unpublished Thesis, University of New Hampshire.
Fabrizio MC, Manderson JP, Pessutti JP. 2014. Home range and seasonal movements of Black
Sea Bass (Centropristis striata) during their inshore residency at a reef in the mid-Atlantic
Bight. Fish Bull. 112:82–97.
Fan Z, Zou Y, Jiao S, Tan X, Wu Z, Liang D, Zhang P, You F. 2017. Significant association of
cyp19a promoter methylation with environmental factors and gonadal differentiation in

15

olive flounder Paralichthys olivaceus. Comp Biochem Physiol -Part A. Mol Integr
Physiol. 208:70–79.
Fatira E, Papandroulakis N, Pavlidis M. 2014. Diel changes in plasma cortisol and effects of size
and stress duration on the cortisol response in European sea bass (Dicentrarchus labrax).
Fish Physiol Biochem. 40:911–919.
Fernandino JI, Hattori RS, Kishii A, Strüssmann CA, Somoza GM. 2012. The cortisol and
androgen pathways cross talk in high temperature-induced masculinization: The 11βhydroxysteroid dehydrogenase as a key enzyme. Endocrinology. 153:6003–6011.
Fernandino JI, Hattori RS, Moreno Acosta OD, Strüssmann CA, Somoza GM. 2013.
Environmental stress-induced testis differentiation: Androgen as a by-product of cortisol
inactivation. Gen Comp Endocrinol. 192:36–44.
Fernandino JI, Hattori RS, Shinoda T, Kimura H, Strobl-Mazzulla PH, Strüssmann CA, Somoza
GM. 2009. Dimorphic expression of dmrt1 and cyp19a1a (ovarian aromatase) during
early gonadal development in pejerrey, Odontesthes bonariensis. Sex Dev. 2:316–324.
Foo JTW, Lam TJ. 1993. Retardation of ovarian growth and depression of serum steroid levels in
the tilapia, Oreochromis mossambicus, by cortisol implantation. Aquaculture. 115:133–
143.
Frisch A. 2004. Sex-change and gonadal steroids in sequentially-hermaphroditic teleost fish. Rev
Fish Biol Fish. 14:481–499.
Frisch AJ, Walker SPW, McCormick MI, Solomon-Lane TK. 2007. Regulation of protogynous
sex change by competition between corticosteroids and androgens: An experimental test
using sandperch, Parapercis cylindrica. Horm Behav. 52(4):540-545.
Ganesh CB, Chabbi A. 2014. Glucocorticoid synthesis inhibitor metyrapone blocks stressinduced suppression along luteinizing hormone secreting cells-ovary axis in the fish
Oreochromis mossambicus. J Exp Zool. 321A:125–134.
Goos HJT, Consten D. 2002. Stress adaptation, cortisol and pubertal development in the male
common carp, Cyprinus carpio. Mol Cell Endocrinol. 197:105–116.
Göppert C, Harris RM, Theis A, Boila A, Hohl S, Rüegg A, Hofmann HA, Salzburger W, Böhne
A. 2016. Inhibition of aromatase induces partial sex change in a cichlid fish: distinct
functions for sex steroids in brains and gonads. Sex Dev. 10:97–110.
Gorissen M, Flik G. 2016. The endocrinology of the stress response in fish: an adaptationphysiological view. Fish Physiology. Biology of Stress in Fish: Volume 35. 75-111.
Guiguen Y, Fostier A, Piferrer F, Chang CF. 2010. Ovarian aromatase and estrogens: A pivotal
role for gonadal sex differentiation and sex change in fish. Gen Comp Endocrinol.
165:352–366.
Gwak WS. 2003. Effects of shelter on growth and survival in age-0 black sea bass, Centropristis
striata (L.). Aquac Res. 34:1387–1390.
Hattori RS, Fernandino JI, Kishil A, Kimura H, Kinno T, Oura M, Somoza GM, Yokota M,
Strüssmann CA, Watanabe S. 2009. Cortisol-induced masculinization: Does thermal
stress affect gonadal fate in pejerrey, a teleost fish with temperature-dependent sex
determination? PLoS One. 4:e6548.
Hayashi Y, Kobira H, Yamaguchi T, Shiraishi E, Yazawa T, Hirai T, Kamei Y, Kitano T. 2010.
High temperature causes masculinization of genetically female medaka by elevation of
cortisol. Mol Reprod Dev. 77:679–686.

16

Henderson ME, Mills KE, Thomas AC, Pershing AJ, Nye JA. 2017. Effects of spring onset and
summer duration on fish species distribution and biomass along the Northeast United
States continental shelf. Rev Fish Biol Fisheries. 27: 411-424.
Herpin A, Adolfi MC, Nicol B, Hinzmann M, Schmidt C, Klughammer J, Engel M, Tanaka M,
Guiguen Y, Schartl M. 2013. Divergent expression regulation of gonad development
genes in medaka shows incomplete conservation of the downstream regulatory network
of vertebrate sex determination. Mol Biol Evol. 30(10).
Heule C, Salzburger W, Böhne A. 2014. Genetics of sexual development: An evolutionary
playground for fish. Genetics. 196:579–591.
Hossain MS, Larsson A, Scherbak N, Olsson P-E, Orban L. 2008. Zebrafish androgen receptor:
isolation, molecular, and biochemical characterization. Biol Reprod. 78:361–369.
Howell RA, Berlinsky DL, Bradley TM. 2003. The effects of photoperiod manipulation on the
reproduction of black sea bass, Centropristis striata. Aquaculture. 218:651–669.
Jeffrey JD, Gollock MJ, Gilmour KM. 2014. Social stress modulates the cortisol response to an
acute stressor in rainbow trout (Oncorhynchus mykiss). Gen Comp Endocrinol. 196:8–
16.
Jones C, Kane M, Anna M, McManus C, Collie J. 2015. Growth and maturity of Narragansett
Bay black sea bass, Centropristis striata. GSO Tech Rep No 15-01.
Kendall AW. 1977. Biological and fisheries data on black sea bass, Centropristis striata
(Linnaeus). Sandy Hook Lab. Northeast Fish Cent, Nat Mar Fish Serv, NOAA Tech Ser
Rep 7. 7:1–29.
Kitano T, Hayashi Y, Shiraishi E, Kamei Y. 2012. Estrogen rescues masculinization of
genetically female medaka by exposure to cortisol or high temperature. Mol Reprod Dev.
79:719–726.
Kitano T, Takamune K, Kobayashi T, Nagahama Y, Abe SI. 1999. Suppression of P450
aromatase gene expression in sex-reversed males produced by rearing genetically female
larvae at a high water temperature during a period of sex differentiation in the Japanese
flounder (Paralichthys olivaceus). J Mol Endocrinol. 23:167–176.
Klibansky N, Scharf FS. 2017. Fecundity peaks prior to sex transition in a protogynous marine
batch spawning fish, black sea bass (Centropristis striata). ICES J Mar Sci. 1–15.
Krasnov A, Koskinen H, Pehkonen P, Rexroad CE, Afanasyev S, Mölsä H. 2005. Gene
expression in the brain and kidney of rainbow trout in response to handling stress. BMC
Genomics. 6:1–11.
Lagomarsino IV, Conover DO. 1993. Variation in environmental and genotypic sex-determining
mechanisms across a latitudinal gradient in the fish, Menidia menidia. Evolution (NY).
47:487–494.
Li CG, Wang H, Chen HJ, Zhao Y, Fu PS, Ji XS. 2014. Differential expression analysis of genes
involved in high-temperature induced sex differentiation in Nile tilapia. Comp Biochem
Physiol B Biochem Mol Biol. 177–178:36–45.
Liu H, Todd E V., Lokman MP, Lamm MS, Godwin JR, Gemmell NJ. 2016. Sexual plasticity: A
fishy tale. Mol Reprod Dev.1–60.
Mank JE, Avise JC. 2009. Evolutionary diversity and turn-over of sex determination in teleost
fishes.3(2–3):60–67.
Matthews J. 2003. Estrogen signaling: a subtle balance between ERalpha and ERbeta. Mol
Interv. 3:281–292.

17

McConnachie SH, Cook K V., Patterson DA, Gilmour KM, Hinch SG, Farrell AP, Cooke SJ.
2012. Consequences of acute stress and cortisol manipulation on the physiology,
behavior, and reproductive outcome of female Pacific salmon on spawning grounds.
Horm Behav. 62:67–76.
McEwen BS, Wingfield JC. 2003. The concept of allostasis in biology and biomedicine. Horm
Behav. 43:2–15.
McGovern JC, Collins MR, Pashuk O, Meister SH. 2002. Temporal and spatial differences in
life history parameters of Black Sea Bass in the southeastern United States. North Am J
Fish Manag. 22:1151–1163.
Menuet A, Pellegrini E, Anglade I, Blaise O, Laudet V, Kah O, Pakdel F. 2002. Molecular
characterization of three estrogen receptor forms in zebrafish: binding characteristics,
transactivation properties, and tissue distributions. Biol Reprod. 66:1881–1892.
Mercer LP. 1989. Species profile: life histories and environmental requirements of coastal fishes
and invertebrates (South Atlantic) - Black Sea Bass. US Fish Wildl Serv Biol Rep. 82:16.
Miller AS, Shepherd GR, Fratantoni PS. 2016. Offshore habitat preference of overwintering
juvenile and adult black sea bass, Centropristis striata, and the relationship to year-class
success. PLoS One. 11.
Mommsen TP, Vijayan MM, Moon TW. 1999. Cortisol in teleosts: dynamics, mechanisms of
action, and metabolic regulation. Rev Fish Biol Fish. 9:211–268.
Morin SJ, Decatur WA, Breton TS, Marquis TJ, Hayes MK, Berlinsky DL, Sower SA. 2015.
Identification and expression of GnRH2 and GnRH3 in the black sea bass (Centropristis
striata), a hermaphroditic teleost. Fish Physiol Biochem. 41:383–395.
Moser J, Shepherd GR. 2008. Seasonal distribution and movement of black sea bass
(Centropristis striata) in the Northwest Atlantic as determined from a mark-recapture
experiment. J Northwest Atl Fish Sci. 40:17–28.
Nakamura, M. 2010. The mechanism of sex determination in vertebrates- are sex steroids the
key-factor? J. Exp. Zool. 313A: 381-398.
Navarro-Martín L, Viñas J, Ribas L, Díaz N, Gutiérrez A, Di Croce L, Piferrer F. 2011. DNA
methylation of the gonadal aromatase (cyp19a) promoter is involved in temperaturedependent sex ratio shifts in the European sea bass. PLoS Genet. 7(12): e1002447.
Nelson CC, Hendy SC, Shukin RJ, Cheng H, Bruchovsky N, Koop BF, Rennie PS. 1999.
Determinants of DNA sequence specificity of the androgen, progesterone, and
glucocorticoid receptors: evidence for differential steroid receptor response elements.
Mol Endocrinol. 13:2090–2107.
Norris, D., Lopez, K., 2010. Hormones and reproduction of vertebrates, volume 1, 1st ed.
Academic Press, London, UK.
Nozu R, Kojima Y, Nakamura M. 2009. Short term treatment with aromatase inhibitor induces
sex change in the protogynous wrasse, Halichoeres trimaculatus. Gen Comp Endocrinol.
161:360–364.
Nozu R, Nakamura M. 2015. Cortisol administration induces sex change from ovary to testis in
the protogynous wrasse, Halichoeres trimaculatus. Sex Dev. 9:118–124.
Pankhurst NW, Munday PL. 2011. Effects of climate change on fish reproduction and early life
history stages. Mar Fresh Res. 62:1015–1026.
Paul-Prasanth B, Bhandari RK, Kobayashi T, Horiguchi R, Kobayashi Y, Nakamoto M, Shibata
Y, Sakai F, Nakamura M, Nagahama Y. 2013. Estrogen oversees the maintenance of the
female genetic program in terminally differentiated gonochorists. Sci Rep. 3:2862.

18

Penman DJ, Piferrer F. 2008. Fish gonadogenesis. part I: Genetic and environmental mechanisms
of sex determination. Reviews in Fisheries Science. 16(S1):14–32.
Perry DO, Nelson DA, Redman DH, Metzler S, Katersky R. 2007. Growth of Black Sea Bass
(Centropristis striata) in recirculating aquaculture systems. NOAA Tech Memo NMFSNE-206.
Picard MAL, Cosseau C, Mouahid G, Duval D, Grunau C, Toulza È, Allienne JF, Boissier J.
2015. The roles of Dmrt (Double sex/Male-abnormal-3 Related Transcription factor)
genes in sex determination and differentiation mechanisms: Ubiquity and diversity across
the animal kingdom. Comptes Rendus - Biol. 338:451-462.
Pieau C, Dorizzi M, Richard-Mercier N. 1999. Temperature-dependent sex determination and
gonadal differentiation in reptiles. Cell Mol Life Sci. 55:887–900.
Piferrer F. 2001. Endocrine sex control strategies for the feminization of teleost fish.
Aquaculture. 197:229–281.
Piferrer F, Blázquez M. 2005. Aromatase distribution and regulation in fish. Fish Physiol
Biochem. 31:215–226.
Piferrer F, Guiguen Y. 2008. Fish gonadogenesis. part II: molecular biology and genomics of sex
differentiation. Reviews in Fisheries Science. 16(S1):33–53.
Provost MM, Jensen OP, Berlinsky DL. 2017. Influence of size, age, and spawning season on
sex change in Black Sea Bass. Mar Coast Fish. 9:126–138.
Ratman, D, Berghe, WV, Dejager, L, Libert, C, Tavernier, J, Beck, IM, Bosscher, KD. 2013.
How glucocorticoid receptors modulate the activity of other transcription factors: A
scope beyond tethering. Molecular and Cellular Endocrinology. 380:41-54.
Ribas L, Valdivieso A, Díaz N, Piferrer F. 2017. Appropriate rearing density in domesticated
zebrafish to avoid masculinization: links with the stress response. J Exp Biol. 220:1056–
1064.
Roy EM, Quattro JM, Greig TW. 2012. Genetic management of black sea bass: Influence of
biogeographic barriers on population structure. Mar Coast Fish. 4:391–402.
Ruksana S, Pandit NP, Nakamura M. 2010. Efficacy of exemestane, a new generation of
aromatase inhibitor, on sex differentiation in a gonochoristic fish. Comp Biochem
Physiol - C Toxicol Pharmacol. 152:69–74.
Saito D, Tanaka M. 2009. Comparative aspects of gonadal sex differentiation in medaka: A
conserved role of developing oocytes in sexual canalization. 3(2–3):99–107.
Sandra GE, Norma MM. 2010. Sexual determination and differentiation in teleost fish. Rev Fish
Biol Fish. 20:101–121.
Schreck CB. 2010. Stress and fish reproduction: The roles of allostasis and hormesis. Gen Comp
Endocrinol. 165:549–556.
Schreck CB, Tort L. 2016. The concept of stress in fish. Fish Physiology. 25: 1-34.
Selye H. 1936. A syndrome produced by diverse nocuous agents. Nature. 32.
Shah Alam M, Watanabe WO, Carroll PM. 2008. Dietary protein requirements of juvenile black
sea bass, Centropristis striata. J World Aquac Soc. 39:656–663.
Shepherd GR, Idoine JS. 1993. Length-based analyses of yield and spawning biomass per recruit
for black sea bass, Centropristis striata, a protogynous hermaphrodite. Fish Bull. 91:328–
337.
Shepherd GR. 2006. Status of fishery resources off the Northeastern U.S. NEFSC- Resource
evaluation and assessment division. Black sea bass (Centropristis striata).

19

Shepherd GR, Nieland J. 2010. Black Sea Bass 2010 stock assessment update. Northeast Fish Sci
Cent Ref Doc. 10-13.
Solomon-Lane TK, Crespi EJ, Grober MS. 2013. Stress and serial adult metamorphosis: Multiple
roles for the stress axis in socially regulated sex change. Front Neurosci. 7:1–12.
Sopinka NM, Donaldson MR, O’Connor CM, Suski CD, Cooke SJ. 2016. Stress indicators in
fish. In: Fish Physiology: Biology of Stress in Fish. Vol. 35. Elsevier Inc. p. 405–462.
Struessmann C. 2008. Role of apoptosis in temperature-dependent sex determination of pejerrey
Odontesthes bonariensis. Cybium. 32(2): 77.
Stuart KR, Smith TIJ. 2003. Development of nursery systems for black sea bass Centropristis
striata. J World Aquac Soc. 34:359–367.
Sun LN, Jiang XL, Xie QP, Yuan J, Huang BF, Tao WJ, Zhou LY, Nagahama Y, Wang DS.
2014. Transdifferentiation of differentiated ovary into functional testis by long-term
treatment of aromatase inhibitor in Nile tilapia. Endocrinology. 155:1476–1488.
Takatsu K, Miyaoku K, Roy SR, Murono Y, Sago T, Itagaki H, Nakamura M, Tokumoto T.
2013. Induction of female-to-male sex change in adult zebrafish by aromatase inhibitor
treatment. Sci Rep. 3:3400.
Watanabe WO. 2011. Species Profile: Black Sea Bass. Southern Regional Aquaculture Center.
SRAC Publication No. 7207.
Weirich CR, Riche MA. 2006. Tolerance of juvenile black sea bass Centropristis striata to acute
ammonia and nitrite exposure at various salinities. Fish Sci. 72:915–921.
Wenner CA, Roumillat WA, Waltz CW. 1986. Contributions to the life history of black sea bass,
Centropristis striata, off the southeastern United States. Fish Bull. 84:723–742.
Wood AW, Van Der Kraak G. 2002. Inhibition of apoptosis in vitellogenic ovarian follicles of
rainbow trout (Oncorhynchus mykiss) by salmon gonadotropin, epidermal growth factor,
and 17β-estradiol. Mol Reprod Dev. 61:511–518.
Wuenschel MJ, Shepherd GR, Mcbride RS, Jorgensen R, Oliveira K, Robillard E, Dayton J.
2011. Sex and maturity of black sea bass collected in Massachusetts and Rhode Island
waters; preliminary results based on macroscopic staging of gonads with a comparison to
survey data. SARC 53- Black Sea Bass Data Meeting. 1-120.
Yamaguchi T, Yoshinaga N, Yazawa T, Gen K, Kitano T. 2010. Cortisol is involved in
temperature-dependent sex determination in the Japanese Flounder. Endocrinology.
151:3900–3908.
Yeh SL, Kuo CM, Ting YY, Chang CF. 2003. The effects of exogenous androgens on ovarian
development and sex change in female orange-spotted protogynous grouper, Epinephelus
coioides. Aquaculture. 218:729–739.
Yin Y, Tang H, Liu Y, Chen Y, Li G, Liu X, Lin H. 2017. Targeted disruption of aromatase
reveals dual functions of cyp19a1a during sex differentiation in Zebrafish.
Endocrinology. 158:3030–3041.

20

CHAPTER I: THE EFFECTS OF STRESS, CORTISOL ADMINISTRATION AND
CORTISOL INHIBITION ON BLACK SEA BASS (Centropristis striata) SEX
DIFFERENTIATION
Introduction
In many vertebrates, including mammals, sex is determined at the time of fertilization by
the inheritance of sex-specific chromosomes, and sex differentiation is governed by precise
biochemical pathways (Piferrer 2001; Penman & Piferrer 2008). Many poikilothermic
vertebrates, however, exhibit much greater plasticity in sex differentiation, and the phenotypic
sex can be influenced by environmental factors experienced during sensitive periods of
development (Nakamura 2010; Stelkens & Wedekind 2010). For instance, in many reptiles
(turtles, lizards, crocodiles), egg incubation temperature has been shown to influence the sex
ratios of hatchlings, while in fishes, factors including pre and post-hatch temperature, pH,
hypoxia, social conditions and combinations of these factors can influence the outcome of
phenotypic sex differentiation (Baroiller et al. 2009; Stelkens & Wedekind 2010).
The sex determining mechanisms in vertebrates have been broadly classified to include
genotypic sex determination (GSD), environmental sex determination (ESD) and a combination
of both (genotype sex determination with environmental effects; GSD + EE; Stelkens and
Wedekind 2010). Irrespective of the sex determining mechanism, male or female phenotypic sex
differentiation in teleosts results from the relative abundance of androgens and estrogen (17bestradiol), respectively, during critical developmental periods (Piferrer & Guiguen 2008).
Exogenous administration of androgens or estrogens for masculinization or feminization,
respectively, has been used in commercial aquaculture programs to create mono-sex populations,
in species that exhibit sexually dimorphic growth (Pandian & Sheela 1995; Nakamura et al.
1998; Blázquez et al. 2001; Piferrer 2001; Martínez et al. 2014; Luckenbach et al. 2017). Partial
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masculinization or feminization have also been noted in wild fish exposed to xenobiotic sex
steroids (Jobling & Sumpter 1993; Devlin & Nagahama 2002; Jobling et al. 2006).
Cytochrome P450 aromatase, the product of the gene cyp19, irreversibly converts
testosterone to 17b-estradiol, and in teleosts its activity often controls the amount of estrogen
available during periods of sex differentiation (Frisch 2004; Piferrer & Blázquez 2005; Saito &
Tanaka 2009; Sandra & Norma 2010). In non-mammalian vertebrates with GSD, cyp19
expression is sexually dimorphic and up-regulated or suppressed during feminizing and
masculinizing temperature regimes (ESD and GSD+EE), respectively (Pieau et al. 1999;
Guiguen et al. 2010; Navarro-Martín et al. 2011; Kitano et al. 2012). Pharmacological aromatase
inhibition has also been shown to result in masculinization in birds, reptiles, amphibians, and
teleost fishes (Pieau et al. 1999; Guiguen et al. 2010). Therefore, cyp19 regulation is a key step
in sex determination in non-mammalian vertebrates (Guiguen et al. 2010; Navarro-Martín et al.
2011). Aromatase transcriptional regulation has been shown to be influenced both positively and
negatively by several transcriptional factors that bind to promoter response elements in the
cyp19a1a promoter (Piferrer & Blázquez 2005; Piferrer & Guiguen 2008; Guiguen et al. 2010).
The exact mechanisms involved in sex differentiation are not well understood, but several
studies suggest that one endogenous modulator, triggered by various environmental conditions
could be stress-induced release of cortisol (Schreck 2010). Cortisol administration to rainbow
trout fry has been shown to inhibit ovarian development and increase the proportion of males
(Vanden Hurk & Van Oordt 1985). In Japanese flounder (Paralichthys olivaceus), a species with
well characterized GSD + EE, cortisol administration induced masculinization by directly
suppressing cyp19a1a (Yamaguchi et al. 2010). Further, inhibiting cortisol synthesis
pharmacologically in this species, suppressed the masculinizing effects of high temperature
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(Yamaguchi et al. 2010). Stress-induced cortisol release has also been shown to induce
masculinization in pejerrey (Odontesthes bonariensis) and southern flounder (Paralichthys
lethostigma), species with GSD + EE (Hattori et al. 2009; Mankiewicz et al. 2013).
Black sea bass (BSB; Centropristis striata) are a high-valued, marine teleost (Serranidae)
that support important commercial and recreational fisheries along the Atlantic coast of the
United States. Due to high demand and limited, seasonal availability, considerable research has
been conducted to develop BSB as an aquaculture species (Berlinsky et al. 2000; Atwood et al.
2003; Shah Alam et al. 2008). Similar to related grouper species, BSB are protogynous
hermaphrodites, and in the wild, change from females to males between two and five years of
age, however, this often occurs more rapidly in captivity (Shepherd & Idoine 1993; Howell et al.
2003). During differentiation, studies suggest that BSB differentiate directly as females although
there is conflicting evidence with the presence of small, primary males among different
populations (McGovern et al. 2002; Colburn et al. 2009; Jones et al. 2015; Provost et al. 2017).
The purpose of the present study was to examine the effects of a common aquaculture stressor
(net chasing), cortisol administration and cortisol inhibition on sex differentiation in BSB. To
investigate possible regulation of cyp19a1a synthesis, we partially sequenced the aromatase
promotor and identified response element sequences.
Methods
Animals and Systems
Juvenile BSB were collected in baited fish pots in coastal Rhode Island waters and
transported to the Aquaculture Research Center (ARC) at the University of New Hampshire,
Durham, NH, in accordance with the University’s Institutional Animal Care and Use Committee
policies. During 2016 and 2017, fish (9.3 ± 2.5 g and 11.0 ± 3.6 g) were randomly divided into
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three groups for cortisol administration/inhibition and bi-weekly net-chasing studies. For the
cortisol administration/inhibition studies (2016 and 2017), the fish were maintained in three
identical recirculating systems, comprised of four 235 L tanks with biological and mechanical
filtration, UV sterilization, foam fractionation, temperature control and supplemental aeration.
Water temperature, dissolved oxygen and pH were monitored daily, and ammonia and nitrites
were monitored weekly (Oxyguard Handy Polaris 2, Farum, Denmark; Hanna Instruments,
Woonsocket, RI, USA; API Test Kits, Mars Fishcare, Inc., Chalfont, PA, USA). All parameters
were within ranges suitable for rearing this species (Copeland et al. 2003; Atwood et al. 2004).
Photoperiod from overhead incandescent lights was adjusted weekly to simulate ambient
conditions (Durham, NH). In each system, three tanks were stocked with 20 and 15 fish per tank
(2016 and 2017, respectively) and the remaining fish were housed in a fourth tank, fed as
experimental fish, but serially subsampled as a “sentry” group to monitor growth and gonad
development (histologically). The sentry fish were not included in statistical analyses.
Once acclimated (three to five days), fish were fed 3 mm commercial diet rations
containing 55% protein and 15% lipid (Skretting Europa; Stavanger, Norway) ad libitum, twice
daily. In 2016 fish received control diets and those coated with either cortisol (300 mg/kg feed;
Sigma-Aldrich Corp, St. Louis, MO, USA) or mifepristone (cortisol and progesterone receptor
antagonist; Alderman et al. 2012; 6.25 mg/kg feed; Sigma-Aldrich Corp). In 2017, fish received
control diets and those coated with either cortisol or metyrapone-coated diets (cortisol synthesis
inhibitor; Yamaguchi et al. 2010; 100 mg/kg feed;). Appropriate doses of powdered
mifepristone, metyrapone and cortisol (Sigma-Aldrich Corp) were dissolved in 100% ethanol,
combined with heated liquid gelatin (Knox) and coated onto pellets as described previously
(Duquette, 2013). Control diets were coated with vehicles (ethanol and gelatin) only.
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Treatments continued until gonads of sentry fish appeared to be fully differentiated (84
and 89 days post capture, in 2016 and 2017, respectively), at which time, fish were euthanized
with buffered metomidate hydrochloride (AquacalmTM; 5 mg L-1, King V et al. 2005; Syndel,
Ferndale, WA, USA) for final sampling. In 2016, tanks were randomly sub-sampled (n=12
fish/tank) 24 h after final treatment feeding, for weight and length measurements before gonads
were excised and fixed in 10% formalin. Additionally, all experimental individuals greater than
45 g were bled to obtain adequate plasma sample volumes for later cortisol analysis. In 2017, a
similar sampling protocol was followed, except all fish were sampled at 2 h post-feeding, to
better characterize the effects of dietary cortisol on blood plasma levels. The 2 h sampling time
point was chosen based on previous results that demonstrated peak BSB plasma cortisol levels
between one and six hours of consuming cortisol-laced diets (Duquette 2013). Fish were bled
using 23-gauge, one inch heparinized needles and syringes. Blood was transferred to 1.5 mL
heparinized tubes containing 50 µL aprotinin and held on ice until centrifuged (10,000 rpm; 8
minutes; 4°C). Plasma was removed and frozen at -70°C until analysis. After 24-48 h, gonads
were transferred to 70% ethanol for routine histology with hematoxylin and eosin staining
(Spector & Goldman 2006; Fish Vet Group, Portland, ME). Gender classification was based on
gonad characteristics previously described (Fig. 1; Benton & Berlinsky 2006). Fish were
considered intersex if any amount of both ovarian and testicular tissue was present in the gonad.
For the net-chasing study (2016 only), the fish were maintained in two, separate
recirculating systems with the components described above, containing 350 L tanks and 31 fish
per tank. One system contained six tanks, and the fish from three tanks were vigorously netchased for two minutes, twice weekly, and the fish in the other three tanks were left undisturbed
as controls. In the second, three-tank system, the fish received mifepristone-coated diets (6.25
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mg/kg feed) and were net-chased biweekly. Feeding and water quality monitoring was similar to
that described above. Final sampling occurred at 77 days post capture and four days post netchasing to determine if chronic stress was evident among treatments. As above, individuals
larger than 45 g were bled for cortisol analysis and the weights, lengths and gonads were excised,
preserved and analyzed as previously described.
To identify and characterize the BSB cyp19a1a promoter a small number of adult BSB
were collected in baited fish pots in coastal Rhode Island waters and transported to the ARC in
2016. Ten fish were anesthetized and gonads removed as described above. Select gonad
fragments were preserved in 100% ethanol for later DNA analyses.

Cortisol analysis
Plasma cortisol levels were measured using an enzyme-linked immunosorbent assay
(ELISA), following protocols adapted from the Smithsonian’s National Zoological Park
endocrine workbook (Brown et al. 2003). Plasma samples (100 µl) were double-extracted using
1.0 mL of diethyl ether, vortexed for one min, dried at 37°C in a water bath, stored at –20°C, and
reconstituted in 200 µl of assay buffer (0.1 M phosphate, 0.15 M NaCl, 1 mL/L bovine serum
albumin, pH 7.0). NUNC 96-well Maxisorp plates (Thermo Fisher Scientific, Waltham,
Massachusetts) were coated with 1:8500-diluted rabbit anticortisol antibody (University of
California, Davis, California) and incubated overnight at 4°C. Plates were washed with 0.15 M
NaCl and 0.5 mL/L Tween 20 in a microplate washer (Thermo Labsystems, OPSYS MW;
Thermo Fisher Scientific) and blotted dry. Samples in duplicate, cortisol standards (0.078–20
ng/mL; Sigma Aldrich), and cortisol–horseradish peroxidase conjugate (University of California
Davis) were added and incubated for 1 h at room temperature. Plates were washed again,
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incubated with substrate buffer (0.05 M citric acid, 6.0 mM H2O2, 0.4 mM 2,2’-azino-bis(3ethylbenzothiazoline-6-sulfonic acid), pH 4.0) for 15 min with gentle shaking, and absorbance
was read at 405 and 620 nm with a Synergy 2 Plate Reader (BioTek, Winooski, VT, USA).
Background absorbance (620 nm) was subtracted from readings at 405nm prior to analyses, and
cortisol standard curves were generated using a five-parameter logistic model in GEN 5 software
(BioTek, Winooski, VT, USA). Assays were validated for parallelism using pooled plasma from
six individuals before any comparisons among experimental samples were conducted. The assay
quality was monitored by using duplicate pool samples included on each plate. All samples were
included in one plate per study and intra-assay coefficients of variation was 1.79%.

DNA Extraction, TAIL-PCR, Sequencing and Analysis
To identify possible response elements in the cyp19a1a promoter, thermal asymmetric
interlaced PCR (TAIL-PCR) was conducted following Liu and Whittier (1995). Briefly,
genomic DNA was extracted from preserved gonads using a Qiagen DNeasy 96 Blood and
Tissue Kit (Qiagen Inc. Hilden, Germany). A black sea bass cyp19a1a coding domain sequence
(cds) fragment previously deposited in GenBank (MG979051) was used in NCBI PrimerBLAST (Bethesda, MD, USA) to design specific nested primers complementary to the first exon
(Table 1). Arbitrary degenerate (AD) primers were used with nested specific primers and black
sea bass DNA (1 ng/µl) to identify up-stream sequence fragments in three total rounds of TAILPCR. PCR products from each round were electrophoresed in 2% agarose gels and either gelextracted using the Monarch Gel Extraction Kit (New England Biolabs, Ipswich, MA, USA) or
cleaned using ExoSAP-IT Express (Affymetrix Inc., Santa Clara, CA, USA). Purified fragments
were transported to the Yale University DNA Analysis Facility on Science Hill (New Haven,
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CT, USA) and sequenced using the dideoxy chain termination method. Sequenced products were
aligned in Geneious (Kearse et al. 2012), and assessed for similarity to other teleost promoter
sequences using BLAST against the NCBI non-redundant nucleotide database (blastn). Potential
transcription factor binding sites were identified using MatInspector (Cartharius et al. 2005) with
a core similarity of 1.0 and matrix similarity of ≥ 0.8. To limit transcription factor output, we
narrowed our search to previously identified teleost cyp19a1a promoter transcription factors
(Gardner et al. 2005; Huang et al. 2009; Guiguen et al. 2010).
Table 1. TAIL-PCR primers. All primers were designed using
Primer-BLAST (NCBI, Bethesda, MD, USA) and synthesized by
Integrated DNA Technologies, Inc. (Coralville, IA, USA).
Primer Name
Degenerate
AD1
AD2
AD3
AD4
AD5
AD6
Nested Reverse
(Round/Order)
1a
1b
1c
2a
2b
2c
3a
3b
3c

Primer (5’->3’)
NTCGASTWTSGWGTT
TGWGNAGSANCASAGA
NGTCGASWGANAWGAA
AGWGNAGWANCAWAGG
WGTGNAGWANCANAGA
STTGNTASTNCTNTGC

CCCCAAACCCAGACAGAAAGAT
GGCAGTTTTCTTGTCTGTGTGG
GTTCAGGGACATGGAGACAAG
GGATTCATCGCCCATTCACAAG
CCTCAACTATCCCGGCTTTCT
TACTGTGACCATGCTGTGGAG
GGATTCATCGCCCATTCACAAG
AAGGAGAAAGAACAAGGCAACG
GACCACCAGTAGATGGAGAACC

Statistics
Results were expressed as the mean ± standard error. Significant differences (p<0.05)
among groups were identified using Tukey HSD post-hoc test using RStudio (RStudio, Inc.
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Boston, MA, USA). To analyze how treatments may have influenced BSB growth we used feed
conversion ratio and absolute growth rate measurements that were calculated by:

FCR =

Avg. Food per Fish
Avg. Final Mass − Avg. Initial Mass

AGR =

Avg. Final Mass − Avg. Initial Mass
# Days

Results
2016 and 2017 cortisol studies
All cortisol-fed fish had at least some testicular tissue present in their gonads, with a
greater proportion of intersex fish compared to control and metyrapone treatments (p<0.001,
Table 2). No significant differences were found between the proportion of male fish in 2016 and
2017 or among treatments (p>0.05, Table 2). In 2017, metyrapone fish had a greater proportion
of intersex fish than the control fish (p=0.02, Table 2). All females were characterized by
primary oocyte growth while males had spermatocyte and spermatid development. All treatments
had normal ovarian and testicular development other than mifepristone-fed fish that had
primarily (~60-100%) undifferentiated tissue and were not included in analyses (Fig. 1).
Control, mifepristone and metyrapone-treated fish had significantly lower (p<0.02) feed
conversion ratios (FCR) than cortisol-fed fish, but absolute growth rates (AGR) were not
impacted by treatment (p>0.05, Table 3). Cortisol-fed fish also had higher mortality in 2017
compared to other treatments likely due to a Monogenea infection detected during a routine skin
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scrape (p=0.003, Table 3). Cortisol-fed fish had higher plasma cortisol levels than control or
metyrapone-fed fish 2 hours post-feeding (p<0.05, Fig. 2).

Mifepristone and net-chase stressor
Mifepristone-fed, stressed fish had primarily (~60-100%) undifferentiated tissue and
were not included in analyses. No significant differences were found between sex ratios of
stressed and control fish (p>0.05, Table 2). Control fish had significantly higher AGRs (p=0.01)
compared to both stressor treatments although no significant effect was observed in FCR
(p>0.05, Table 3). No differences were observed in cortisol levels between both stressor
treatments and controls (p>0.05, Fig. 3).

Partial cyp19a1a promoter
Three rounds of TAIL-PCR produced 289, 325, and 190 bp fragments that were aligned
and assembled into an 804 bp partial cyp19a1a promoter sequence and submitted to GenBank
(MH593883). The black sea bass partial promoter sequence exhibited high nucleotide sequence
identity with other teleost species, including European seabass (Dicentrarchus labrax, 75%),
humpback grouper (Cromileptes altiveis, 68%), and orange-spotted grouper (Epinephelus
coioides, 68%). Many potential transcription factor binding sites previously associated with
reproductive development in fish were identified in the black sea bass partial sequence, such as a
cAMP-responsive element (CRE), two Wilms Tumor Suppressor binding sites (WT1, data not
shown), ten GATA-binding transcription factor sites (GATA, not shown in figure), three
estrogen response elements (EREβ), two forkhead related activator-7 sites (FOXL1), five sex-
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determining region Y sites (SRY), one Sox5 site, five SRY box 9 sites (SOX9), two
steroidogenic factor 1 sites (SF1), and one glucocorticoid response element (GRE; Fig. 4).

Table 2. Sex differentiation of black sea bass (Centropristis striata), n=
number of fish, different letters represent significant differences with p<0.05.
Treatment
2016
2017
2016

Control (n=36)
Cortisol (n=42)
Control (n=44)
Cortisol (n=32)
Metyrapone (n=42)
Control (n=49)
Stress (n=40)

% Male

% Female

% Intersex

25.0 ± 4.8
31.6 ± 7.7
29.2 ± 7.5
18.5 ± 9.8
31.6 ± 7.7
24.4 ± 3.1
27.7 ± 3.0

72.2 ± 5.5a
0.0 ± 0.0b
68.5 ± 8.8a
0.0 ± 0.0b
56.5 ± 9.0a
63.4 ± 5.8
59.4 ± 4.9

2.8 ± 2.8a
68.4 ± 7.7b
2.4 ± 2.4a
81.5 ± 9.8b
12.0 ± 2.5c
12.3 ± 3.6
12.9 ± 3.1

Figure 1. Histomicrograph of mifepristone-fed black sea bass
gonad. Scale bar indicates 100 µm. PO= primary oocytes,
SZ= spermatozoa, U= Undifferentiated
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Table 3. Feed conversion ratio (FCR), absolute growth rate (AGR) and percent
survival of black sea bass (Centropristis striata), n= number of fish, different
letters represent significant differences with p<0.05. N/A indicates Not Available.
Survival
Treatment
FCR
AGR
Control (n=58)
0.9 ± 0.0a
0.4 ± 0.0ab
Cortisol (n=58)
2016
N/A
1.1 ± 0.0b
0.3 ± 0.0b
a
a
Mifepristone (n=59)
0.9 ± 0.1
0.4 ± 0.0
Control (n=44)
1.0 ± 0.0a
0.4 ± 0.0ab
100% ± 0a
Cortisol (n=33)
2017
1.5 ± 0.1b
0.4 ± 0.0b
85% ± 3b
Metyrapone (n=43)
1.0 ± 0.0a
0.5 ± 0.0a
100% ± 0a
Control (n=93)
0.8 ± 0.0 a
0.4 ± 0.0 a
Stress (n=93)
2016
N/A
0.9 ± 0.0 b
0.3 ± 0.0 b
b
b
Stress+Mf (n=91)
0.9 ± 0.0
0.3 ± 0.0

b
(25.9)

Plasma cortisol (ng/mL)

40
35
30
25
20
15
10
5

a
(1.8)

a
(2.4)

0
Control

Cortisol

Metyrapone

Figure 2. Mean plasma cortisol levels two hours-post feeding
in control, cortisol and Metyrapone treatments in 2017. n=8
for control and metyrapone, n=6 for cortisol.
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Plasma cortisol (ng/mL)

3

(2.1)
(1.8)

2.5
2

(1.2)

1.5
1
0.5
0

Control
Stress
Mf+Stress
Figure 3. Mean plasma cortisol levels in fish control, stressed
and Mifepristone (Mf) + stressed fish. No significant
differences were found between treatments. n=8 per treatment.

Figure 4. 804 base pairs of cyp19a1a BSB promoter region (GenBank accession
no. MH593883). TATA box is shown in bold, underline and italics from -78 to 82. Boxes represent potential transcription factors. Shaded boxes represent
transcription factors beginning on the reverse strand. Underlined sequences
indicate regions with overlapping transcription factors.

Discussion
The role of cortisol in teleost masculinization, by both direct administration and through
environmental stressors, has received attention in recent years (Fernandino & Hattori, in press).
Although studies have been restricted to relatively few species, the three basic mechanisms of

33

action that have been proposed are that: cortisol 1) inhibits aromatase (cyp19a) expression, 2)
reduces the number of primordial germ cells (PGCs) and 3) affects 11-KT synthesis (see review:
Fernandino et al. 2013). The first hypothesis was studied in pejerry, Japanese flounder and
European sea bass where it was shown that cortisol-induced masculinization directly down
regulated cyp19a expression (Hattori et al. 2009; Yamaguchi et al. 2010; Navarro-Martín et al.
2011). Cortisol may down regulate aromatase gene expression by binding to GRE (Yamaguchi et
al. 2010), or by methylation of the cyp19a promotor (Navarro-Martín et al. 2011). PGC depletion
by apoptosis or delayed proliferation, resulting in a relatively low PGC/somatic cell ratio, has
been demonstrated during testicular differentiation in several teleost species (Strüssmann et al.
2008; Baroiller et al. 2009; Fernandino et al. 2009). In addition to cyp19a downregulation,
masculinization induced by cortisol elevation has been shown to result from PGC apoptosis in
the pejerry (Strüssmann et al. 2008; Fernandino et al. 2009). Cortisol-induced masculinization
may also result from elevated hsd11b2 expression, the gene for 11β-hydroxysteroid
dehydrogenase (11βHSD). This enzyme both deactivates cortisol to cortisone and catalyzes the
final step in 11-KT synthesis, thereby masculinizing the undifferentiated gonad (Fernandino et
al. 2012).
In the present study, long-term cortisol feeding masculinized female BSB, as also
reported in other species. The percentage of fish that differentiated as males (18.5-31.6%), did
not differ between years or among treatments, and was very similar to previously reported
numbers in studies with wild and cultured fish (Colburn et al. 2009; Provost et al. 2017). This
suggests that although BSBs are protogynous hermaphrodites, approximately, 20-30% of the fish
differentiate directly as males. While the mechanism of cortisol-induced masculinization was not
explored in this study, a number of transcription factors, known to play a role in teleost sex
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differentiation were identified in the cyp19a1a promoter, including a single GRE. Bidirectional
sex change has been suggested to be regulated by a GRE in the cyp19a1a promotor of another
hermaphroditic fish, the broad-barred goby, (Gobiodon histrio; Munday et al. 1998; Gardner et
al. 2005) and additional studies are necessary to determine if similar mechanisms direct sex
change and differentiation in the BSB. It is important to note that the cyp19a1a promoter
sequenced is only a partial fragment, and other response elements may be located upstream in the
promoter but were not identified in the present study.
In previous studies with several species, many chronic environmental stressors including
temperature, pH, tank color and social conditions applied during critical developmental periods,
have been shown to induce masculinization (Iwata et al. 2008; Baroiller et al. 2009; Hayashi et
al. 2010; Mankiewicz et al. 2013). Fewer studies, however, have examined the masculinizing
effects of a single, or repeated acute stressors. In contrast to long-term cortisol feeding, biweekly net-chasing did not affect BSB sex ratios, but diminished overall growth in the present
study. Species differ greatly in their behavioral and physiological responses to acute stressors
and the subsequent impacts on their health (Dickens & Romero 2013; Schreck & Tort 2016;
Sopinka et al. 2016). Species also differ in their capacity for domestication and the timeframe
required to become habituated to repeated stressors in captivity (Schreck & Tort 2016; Sopinka
et al. 2016). BSB appear to adapt very well to captivity and aquaculture-related stressors and
began feeding within 24 h of capture. It is often not ethically practical to chronically stress
experimental animals, and the cortisol levels in control and net-chased fish returned to baseline
levels, suggesting that the fish were not chronically stressed. In a previous study conducted with
inadvertent, sub-optimal water quality, 100% of adult female BSB initiated sex reversal,
indicating that a chronic stressor may be able to induce masculinization of this species (Strait
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2006). It is possible, therefore that the magnitude of the acute stressor applied in this study was
insufficient to induce masculinization.
While the masculinizing effects of cortisol administration have been documented in
several teleost species (Hattori et al. 2009; Yamaguchi et al. 2010) the effects of blocking
cortisol synthesis or receptor binding have received less attention. Mifepristone competitively
blocks progesterone and glucocorticoid receptors thereby inactivating their actions (Mommsen et
al. 1999). In the present study, BSB fed mifepristone had primarily undifferentiated gonads with
variable amounts of testicular and ovarian development, in contrast to cortisol-fed or control
groups. Previous studies indicate that mifepristone down regulates genes involved in
steroidogenesis in vitro and in vivo (Blüthgen et al. 2013b; Hajime et al. 1988) and as gonadal
differentiation in teleosts is dependent on production of androgens and estrogen (Piferrer &
Guiguen 2008), reduced steroidogenesis may have prevented normal sex differentiation in this
study.
Metyrapone blocks 11β-hydroxylation in the final step of cortisol synthesis, and has been
shown to mitigate cortisol-induced masculinization due to high temperature exposure and
stressors (Mommsen et al. 1999; Doyon et al. 2006; McConnachie et al. 2012; Ganesh & Chabbi
2014; Ribas et al. 2017). In the present study, sex differentiation of metyrapone-treated fish was
similar to that of fish in the control group, but with a slightly higher proportion of fish showing
signs of masculinization. This may have been due to elevated androgen levels as, metyrapone
stimulates 11-KT synthesis (Fernandino et al. 2012) and has been shown to elevate testosterone
in metyrapone-treated women (Cunningham et al. 1988). Additional research is necessary to
optimize cortisol agonist and antagonist doses and determine if aromatase expression is
influenced by GRE binding.
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In summary, long-term cortisol administration partially masculinized all female BSB but
repeated acute stressors (net chasing) did not alter sex differentiation relative to the control
group. Blocking cortisol receptor binding, but not cortisol synthesis, delayed sex differentiation
in this species. Many response elements associated with sex differentiation were identified in a
partial sequence of the aromatase promotor and additional research is necessary to optimize
doses of cortisol agonists and antagonists.
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CHAPTER II: THE EFFECTS OF REARING TEMPERATURE ON BLACK SEA BASS
(Centropristis striata) SEX DIFFERENTIATION
Introduction
Teleosts exhibit a wide range of reproductive strategies with the majority of species
exhibiting gonochorism (Sandra & Norma 2010), in which fish differentiate into separate sexes
and remain so throughout their lives. Hermaphroditism can be categorized as simultaneous, in
which gonads contain both male and female tissues, or sequential, in which fish initially
develops as one sex and transitions to the opposite (protogynous, protandrous). In protogynous
species, fish differentiate first as female and later change sex to male, while the opposite occurs
in protandrous species. These processes are subject to modification by anthropogenic and
environmental factors, such as temperature, that can alter estrogen to androgen levels (Devlin &
Nagahama 2002).
Water temperature alters reproductive development in many teleosts during critical
periods of sexual development (see: Devlin & Nagahama 2002). For example, temperature
extremes typically induce masculinization through modification of DNA methylation levels that
can silence gene expression (Kitano et al. 1999; Li et al. 2014; Picard et al. 2015; Fan et al
2017). The positive relationship between temperature extremes and methylation has been
correlated to increased cortisol levels in many teleosts (Fernandino et al. 2009, 2012; Hayashi et
al. 2010; Yamaguchi et al. 2010). Most studies examining these effects, however, were
conducted in the laboratory using temperatures outside of the natural range of the species
(Ospina-Álvarez & Piferrer 2008; Heule et al. 2014).
Black sea bass (BSB; Centropristis striata) is a high-value teleost species that inhabits
the US Atlantic Coast from the Gulf of Maine to Florida. High consumer demand and limited
seasonal supply have led to numerous investigations to determine effective culture conditions
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including water conditions (Berlinsky et al. 2000; Atwood et al. 2003; Cotton et al. 2003),
nutritional effects on growth (Cotton & Walker 2004; Dawson et al. 2018), as well as effective
reproductive manipulation (Howell et al. 2003; Denson et al. 2007). In the wild, BSB are
protogynous hermaphrodites that change sex from two to five years of age (Shepherd 2006;
Watanabe 2011; Provost et al. 2017). In captivity, however, this process is accelerated and a
greater number of individuals differentiate directly as males (Howell et al. 2003; Colburn et al.
2009). The factor(s) responsible for this acceleration have yet to be explained but some
possibilities include nutrition (Prevedelli & Simonini 2000), density (Ribas et al. 2017), sex
ratios (Benton & Berlinsky 2006), and water temperature (Colburn et al. 2009; Fernandino et al.
2013). The effects of temperature were previously examined in BSB raised in captivity, and no
differences in sex ratios were found among fish raised at 17, 21 and 25ºC (Colburn et al. 2009).
As many factors in an aquaculture environment can influence sex differentiation, the objective of
the present study was to examine the effects of temperature on wild-caught juvenile BSBs sex
differentiation and growth.

Methods
Animals and Systems
Juvenile BSB were collected in baited fish pots in coastal Rhode Island waters in 2017
and transported to the Aquaculture Research Center (ARC) at the University of New Hampshire,
Durham, NH, in accordance with the University’s Institutional Animal Care and Use Committee
policies. Fish (11.0 ± 3.6 g) were randomly stocked 13 fish per tank into three, recirculating,
separated systems comprised of three-350 L tanks. Systems had biological and mechanical
filtration, UV sterilization, foam fractionation, temperature control and supplemental aeration.
Water temperature, dissolved oxygen and pH were monitored daily, and ammonia and nitrites
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were monitored weekly (Oxyguard Handy Polaris 2, Farum, Denmark; Hanna Instruments,
Woonsocket, RI, USA; API Test Kits, Mars Fishcare, Inc., Chalfont, PA, USA). All parameters
were within ranges suitable for rearing this species (Atwood et al., 2004; Copeland et al., 2003).
Photoperiod was adjusted weekly to simulate ambient conditions (Durham, NH). Fish were fed a
commercial ration (3mm, 55% protein; 15% Fat; Skretting Europa; Stavanger, Norway) to
apparent satiation 2 times per day.
Fish were acclimated to culture conditions for one week and temperatures were adjusted
approximately 1˚C per day to 15, 20 and 25˚C, which are temperatures that BSB may experience
in Rhode Island coastal waters. Trials ended after 65, 77 and 141 days in 25, 20 and 15 ˚C
treatments, respectively, when fish were approximately the size of differentiation (based on
previous observations). Fish were euthanized with buffered metomidate anesthetic (5 mg L-1,
King et al. 2005; Syndel, Ferndale, WA, USA), were weighed, length taken, and gonads were
removed and fixed in 10% formalin. After 24-48 hrs gonads were transferred to 70% ethanol
after for routine histology with hematoxylin and eosin staining (Spector & Goldman 2006; Fish
Vet Group, Portland, ME). Gender classification was based on gonad characteristics previously
described (Fig. 1; Benton & Berlinsky 2006). Fish were considered intersex if any proportion of
ovarian and testicular tissue was present in the gonad.

Data Analysis
Results were expressed as the mean ± standard error. Significant differences (p<0.05)
among groups were identified using Tukey HSD post-hoc test using RStudio (RStudio, Inc.
Boston, MA). To analyze how treatments may have influenced growth, feed conversion ratio and
absolute growth rate measurements were calculated using the following equations:
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𝐹𝐶𝑅 =

𝐴𝑣𝑔. 𝐹𝑜𝑜𝑑 𝑝𝑒𝑟 𝐹𝑖𝑠ℎ
𝐴𝑣𝑔. 𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝐴𝑣𝑔. 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠

𝐴𝐺𝑅 =

𝐴𝑣𝑔. 𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝐴𝑣𝑔. 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠
# 𝐷𝑎𝑦𝑠

Results
No significant differences were observed in sex ratios of fish among treatments, however,
15-30% of fish in all treatments differentiated directly as male (p>0.05, Table 1). All fish had
normal ovarian and testicular development with females were characterized by primary oocyte
growth and males by spermatocytes and spermatids. Fish reared at 25˚C exhibited male-favored
sexually dimorphic growth, with males growing significantly larger than females (p=0.04),
although no differences were observed at 15 and 20˚C (p>0.05, Table 2). No significant
differences were observed in FCR while fish reared at 15˚C had significantly lower AGR than
other treatments (p<0.001, Table 3).

Table 1. Sex differentiation of black sea bass, n= number of
fish.
Treatment (˚C)
15 (n=39)
20 (n=39)
25 (n=38)

% Male
23.7 ± 4.5
30.8 ± 8.9
15.4 ± 2.8

% Female
63.2 ± 1.7
64.1 ± 6.8
81.4 ± 5.5

% Intersex
13.0 ± 5.0
5.1 ± 2.6
5.3 ± 2.7

Table 2. Average final weight (g) of male and female black sea
bass after 65, 77 and 141 days in 25, 20 and 15 ˚C treatment,
respectively, n= number of fish for male and females,
respectively.
Treatment (˚C)

Male

Female

15 (n=6, n=22)
20 (n=12, n=25)
25 (n=5, n=26)

41.9 ± 5.7
51.9 ± 6.9
63.5 ± 11.3a

37.9 ± 4.0
56.7 ± 3.4
48.7 ± 3.1b
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Table 3. Feed conversion ratio (FCR) and absolute growth
rate (AGR) of black sea bass, n= number of fish.
Treatment (˚C)

FCR

AGR

15 (n=39)

0.7 ± 0.03

a

0.2 ± 0.01

20 (n=39)

0.7 ± 0.02

a

0.6 ± 0.02

b

25 (n=38)

0.7 ± 0.01

a

0.6 ± 0.02

b

a

Discussion
No differences in sex ratios were found among fish raised at 15, 20 and 25ºC, supporting
previous research which found no differences in sex ratios at similar temperatures (Table 1;
Colburn et al. 2009). Temperature, however, did impact growth with sexually dimorphic growth
observed in fish reared at 25˚C (Table 2). This result contrasts previous studies that found
sexually dimorphic growth across temperature treatments, although this effect may have
occurred if fish were grown to a larger size (Colburn et al. 2009). Fish reared at 15˚C had
significantly lower AGR than other temperatures (Table 2), supporting previous findings that
BSB grew optimally at temperatures between 21- 25˚C (Atwood et al. 2003; Colburn et al.
2009).
The proportion of fish that differentiated as males (15-31%), did not differ among
treatments, and was very similar to previously reported numbers in studies with wild and
cultured fish (McGovern et al. 2002; Colburn et al., 2009; Jones et al. 2015; Provost et al., 2017).
This suggests that although BSBs are protogynous hermaphrodites, approximately, 15-30% of
the fish differentiate directly as males. Differences in sex differentiation may also occur between
Atlantic populations, as southern, but not northern, juvenile female fish were observed to have
testicular tissue in their gonads (Wenner et al. 1986; Mercer 1989; Cochran & Grier 1991;

46

McGovern et al. 2002). Other factor(s) including water quality, social cues, or density may have
also been responsible for the increased proportion of primary males and should be investigated
further.
Sex differentiation, or the phenotypic sex of an individual, is species specific and
dependent on reproductive strategy (Chan & Yeung 1983; Liu et al. 2016). This process is
subject to modification by environmental (salinity, pH, nutrition, temperature and social cues), or
anthropogenic (drugs), stimuli which alter levels of the primary sex steroid hormones, 11ketotestosterone (11-KT) and 17β-estradiol (E2; Devlin & Nagahama 2002). Temperaturedependent sex determination (TSD), when sex ratio is determined by the ambient temperature
during sensitive periods of development, has been observed in many species. Three possible
temperature response patterns for TSD have been found including more males at high, low, and
both extreme temperatures for a given species (Ospina-Álvarez & Piferrer 2008). Temperatures
used to examine TSD, however, are typically outside of natural habitat conditions for a species
which has led to an overestimation of the number of temperature-sensitive species (OspinaÁlvarez & Piferrer 2008; Heule et al. 2014). One of the only species with TSD observed in the
wild is the Atlantic Silverside (Menidia menidia), that exhibits low temperature feminization and
high temperature masculinization (Conover & Kynard 1981; Conover 1984; Lagomarsino &
Conover 1993).
Understanding how temperature affects fish reproductive physiology is imperative, with
rising ocean temperatures that have led to predictions of higher proportions of males and
premature sex change in protogynous species (Pankhurst & Munday 2011; Anastasiadi et al.
2017). It is important to note, however, that temperature-sensitive alterations to sex
determination, differentiation and change only occur in thermo-sensitive species during a
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specific developmental periods for that species (Heule et al. 2014). The current study, although
performed in the laboratory, found that ambient water temperatures for Rhode Island did not
impact wild-reared BSB differentiation indicating a lack of thermosensitivity. These findings
suggest that BSB may be resilient to the continually increasing ocean temperatures in the
Northeast, although future surveys should continue to examine juvenile sex ratios in the wild.
Increasing temperatures in the Northeastern Atlantic continue to shift traditional
commercial and recreational fisheries while northern shifts in BSB populations may provide a
good opportunity for profitable fisheries in the area (Balch et al. 2012; Bell et al. 2015; Bris et al.
2015; Blaylock & Shepherd 2016). With this shift it is also important to understand how the
benthivorous feeding ecology of BSB will impact native ecology of the northeast. Studies
suggest that BSB may provide increased biological control of invasive Asian shore crab
(Hemigrapsus sanguineus) populations, although, BSB may also have negative impacts to
lobster fisheries and distribution (Byron & Link 2010; Heinonen & Auster 2012; Selden et al.
2016; McMahan 2017).
In summary, temperature did not affect BSB sex ratios, although there was an increased
proportion of primary males in all treatments. Temperature ranges between 20-25˚C had higher
growth rates compared to 15˚C, showing a similar growth pattern found in previous studies.
Furthering our understanding of BSB reproductive strategy and continuing wild surveys of BSB
can help determine the impact of rising ocean temperatures on this popular commercial and
recreational species overtime.
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CONCLUSIONS AND FUTURE DIRECTIONS
The current studies investigated the effects of cortisol, stress and temperature on BSBsex
differentiation. In the first chapter, a link between pharmacological cortisol and masculinization
in BSB was demonstrated. In these studies, I found that all cortisol-treated fish had testicular
tissue present in their gonads. I was also able to identify a GRE in the promoter region of
cyp19a1a, which may indicate that cortisol signaling impacts ovarian aromatase expression.
Future studies should measure levels of cyp19a1a and hsd11b2, and 11-KT, throughout cortisolinduced masculinization in BSB to further understand the role of cortisol in sex differentiation in
this species.
Understanding the impact of stress on cultured fish is imperative to have successful
growth and health of individuals. In the first chapter, I found no significant impact of a bi-weekly
net chasing stressor on sex differentiation of BSB. Growth, however, was negatively impacted,
indicating the importance of mitigating multiple acute stressors, to prevent growth losses in
culture. Further research should examine other chronic and acute stressors, such as surgery or
daily stressors, to determine if different stressors may induce masculinization in BSB.
Mifepristone and metyrapone were used to evaluate the effects of cortisol at a receptor
and enzyme level in the first chapter. Mifepristone was found in both studies to prevent
differentiation, which likely occurred due to anti-progesterone side effects. Metyrapone-fed fish
had higher proportions of intersex fish than control that may have been due to an increase in an
increase in T levels that was observed in women treated with metyrapone. Future studies should
evaluate whether mifepristone and metyrapone can inhibit cortisol-induced masculinization in
BSB and examine proper doses and effectiveness of these drugs in long-term sexual
development studies.
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Water temperature has been shown to play a key role in growth, reproductive and other
physiological processes in teleosts. Therefore, temperature can have major implications on
fisheries and culturing of a species. In the second chapter, my findings were consistent with
previous research, which found that BSB sex ratios were not influenced by different temperature
treatments. The lack of temperature sensitivity of BSB may suggest that BSB are resilient to
increasing temperatures of Northeast Atlantic waters. It is interesting to note, however, the trend
with increased feminization at warmer temperatures that may have been elucidated with
increased replication. Further research should examine the effects of continually increasing
Northeastern Atlantic waters on BSB sex ratios and the impacts of higher temperature treatments
on sex differentiation in this species.
Understanding the life history of BSB is critical to fisheries management and culturing.
In all studies, a significant proportion of fish that differentiated directly as males. This finding
warrants further research to determine whether culture conditions led to increased proportion of
primary males, or if BSB have diandric protogynous life history.
In conclusion, the investigation of the effects of cortisol, stress and temperature on BSB
differentiation and growth has provided valuable insight to understand the complex reproductive
strategy of BSB. Continued research should examine whether cortisol, stress and temperature
play a role in the reproductive strategy of BSB in the wild in an effort improve fisheries
management and improve commercial profitability.

53

APPENDIX A: ADDITIONAL PLASMA CORTISOL ANALYSES
Overview
Figure 1 was not included in above chapters because fish were fed 24-hrs post-feeding. Female
and male plasma cortisol levels due to a lack of replication.
Methods
Plasma cortisol-extractions and sampling can be found in Chapter 1 methods.

Plasma cortisol (ng/mL)

30

b

25
20
15
10

a
a

5
0
Control

Cortisol

Mifepristone

Plasma cortisol (ng/mL)

Figure 1. Average plasma cortisol levels in fish fed control,
cortisol and mifepristone feed in 2016. n=8 per treatment.
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Figure 2. Average plasma cortisol levels in fish fed control feed in
2016 (Female n=5, Male n=3).
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Figure 3. Average plasma cortisol levels in male and female fish
present in control and metyrapone treatments in 2017. n=3 for males,
n=5 for female for control. n=3 for males n=4 for females for
metyrapone.
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Figure 4. Average plasma cortisol levels in male and female fish
present in control and stress treatments in 2016. n= 4 males and
females per treatment.
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APPENDIX B: IMAGE ANALYSIS TO DETERMINE PERCENTAGES OF TESTICULAR,
OVARIAN AND UNDIFFERENITATED TISSUE IN INDIVIDUAL GONADS
Overview
Image analysis was run on individual gonads to determine percentage of different tissue types in
each gonad.
Methods
Image sections of male and intersex gonads were merged to create a full-size image
(Adobe Photoshop, San Jose, CA, USA) and analysis was performed using WEKA pixel
classification on Fiji to determine the percentage of male, female and undifferentiated tissues in
each gonad (Schindelin et al. 2012; Schneider et al. 2012; Frank et al. 2016). WEKA pixel
classification used a pre-trained model based on color differences among tissue-types to generate
probabilities of each tissue type. These probabilities were generated by comparing tissue areas,
which had to remain within 0.75 threshold of model colors, relative to the overall area of the
gonad. In order to ensure that generated models correctly selected tissue types, thirteen gonads
were reviewed three times by a human operator for tissue percentages three times, averaged and
compared to computer generated results. Differences in computer and human operator generated
results were used to adjust computer-generated averages for each gonad to ensure accuracy.
Female fish were not analyzed because gonads had little to no undifferentiated tissue present.
Statistical tests were not conducted due to the low sample size per each percentage category
included. Results were not included in above chapters because statistical tests could not be
performed.
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Figure 1. Image analysis of the percentage of individual male fish with 0-10,
10-20, 20-30, 30-40 , 40-50 or >50% testicular tissue in gonads in control
and cortisol treatments in 2016.
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Figure 2. Image analysis of the percentage of individual intersex fish with 010, 10-20, 20-30, 30-40 , 40-50 or >50% testicular tissue in gonads in cortisol
treatment in 2016.
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Figure 3. Image analysis of the percentage of individual male fish with 010, 10-20, 20-30, 30-40 , 40-50 or >50% testicular tissue in gonads of
control, cortisol and metyrapone treatments in 2017.
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Figure 4. Image analysis of the percentage of individual intersex fish
with 0-10, 10-20, 20-30, 30-40 , 40-50 or >50% testicular tissue in
gonads of control and metyrapone treatments in 2017.
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Figure 5. Image analysis of the percentage of individual intersex fish with 010, 10-20, 20-30, 30-40 , 40-50 or >50% testicular tissue in gonads in control
and stress treatments.
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Figure 6. Image analysis of the percentage of male fish with 0-10, 10-20, 2030, 30-40 , 40-50 or >50% testicular tissue in gonads in 15, 20 and 25∘C
treatments.
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Figure 7. Image analysis of the percentage of intersex fish with 0-10, 1020, 20-30, 30-40 , 40-50 or >50% testicular tissue in gonads in 15, 20
and 25∘C treatments.
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APPENDIX C: GONAD PHOTOMOSAIC GALLERY
Overview
This gallery was created to provide samples of gonad images that were used to determine the sex
of individual fish. Images provided show a representative sample of intersex and male fish from
the cortisol administration, inhibition and stressor studies. 15, 20 and 25ºC images were included
to document the 15ºC fish were less differentiated although they were reared over a longer period
of time than other treatment groups.
Methods
Image sections of male and intersex gonads were merged to create a full-size image (Adobe
Photoshop, San Jose, CA, USA).

Notations displayed indicate: Year, Treatment, Sex, Mass (g), Total Length (mm)
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APPENDIX D. BLACK SEA BASS INSTITUTIONAL ANIMAL CARE AND USE
COMMITTEE APPROVAL DOCUMENTATION
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